Abstract Cardiovascular risk factors (CVRF) possibly contribute to the emergence of Alzheimer's disease (AD). Fluorodeoxyglucose-positron emission tomography (FDG-PET) has been widely used to demonstrate specific patterns of reduced cerebral metabolic rates of glucose (CMRgl) in subjects with AD and in non-demented AGE (2013) 35:777-792 DOI 10.1007 Electronic supplementary material The online version of this article (doi:10.1007/s11357-012-9413-y) contains supplementary material, which is available to authorized users. carriers of the apolipoprotein ε4 (APOE ε4) allele, the major genetic risk factor for AD. However, functional neuroimaging studies investigating the impact of CVRF on cerebral metabolism have been scarce to date. The present FDG-PET study investigated 59 cognitively preserved elderlies divided into three groups according to their cardiovascular risk based on the Framingham 10-year risk Coronary Heart Disease Risk Profile (low-, medium-, and high-risk) to examine whether different levels of CVRF would be associated with reduced CMRgl, involving the same brain regions affected in early stages of AD. Functional imaging data were corrected for partial volume effects to avoid confounding effects due to regional brain atrophy, and all analyses included the presence of the APOE ε4 allele as a confounding covariate. Significant cerebral metabolism reductions were detected in the high-risk group when compared to the low-risk group in the left precuneus and posterior cingulate gyrus. This suggests that findings of brain hypometabolism similar to those seen in subjects with AD can be detected in association with the severity of cardiovascular risk in cognitively preserved individuals. Thus, a greater knowledge about how such factors influence brain functioning in healthy subjects over time may provide important insigths for the future development of strategies aimed at delaying or preventing the vascular-related triggering of pathologic brain changes in the AD.
Introduction
Positron emission tomography (PET) with 18-fluoro-2-deoxyglucose ( 18 F-FDG) is currently the most accurate in vivo neuroimaging method for investigating regional brain metabolic changes associated with healthy and pathological aging in humans. Most notably, this technique has been widely applied to document regional cerebral hypometabolic changes associated with agingrelated neurodegenerative disorders such as Alzheimer's disease (AD), the commonest form of dementia. In AD, consistent patterns of localized hypometabolism have been described from early disease stages, involving initially and most significantly the precuneus and posterior cingulate gyrus (Minoshima et al. 1997; Chételat et al. 2003; Mosconi 2005; Kawachi et al. 2006) , and implicating also the hippocampus, amygdala, parahippocampal gyrus, and the lateral parietal and temporal neocortices (Mosconi et al. 2004 (Mosconi et al. , 2008a Jagust 2006; Petrie et al. 2009 ). There have also been PET studies documenting regional brain glucose metabolism variations as a function of the apolipoprotein E (APOE) genotype in non-demented individuals, with glucose hypometabolism being associated with the presence of the APOE ε4 allele (Drzezga et al. 2005; Mosconi et al. 2008b ; the major genetic risk factor for AD; Corder et al. 1993) .
Cardiovascular risk factors (CVRF), such as hypertension, diabetes, dyslipidemia, and smoking, are highly prevalent in the elderly population and have a significant impact on cognitive performance (Obisesan et al. 2008; Fitzpatrick et al. 2009; Li et al. 2011) . Such conditions are nowadays recognized as risk factors not only for vascular dementia but also for AD (Launer et al. 2000; Meyer et al. 2000; Knopman et al. 2001; Stuerenburg et al. 2005; Rosendorff et al. 2007; Irie et al. 2008; Xu et al. 2009 ). There are also findings from post mortem and in vivo morphometric magnetic resonance imaging (MRI) studies indicating that brain lesions of vascular origin, such as white matter hyperintensities, stroke, and lacunar infarcts, may be significantly associated with AD (Craft 2009; Erkinjuntti and Gauthier 2009; Teipel et al. 2009 ). Moreover, the presence of the APOE ε4 allele is an important risk factor not only for AD but also for cardiovascular disease (Irie et al. 2008; Kivipelto et al. 2008) . Such body of evidence has led to propositions that vascular-related mechanisms possibly play a critical role in the pathophysiology of AD (de la Torre and Mussivand 1993; de la Torre 2009; Qiu et al. 2009; Viswanathan et al. 2009 ).
Studies assessing non-demented individuals with high levels of CVRF using FDG-PET may provide further support to the "vascular hypothesis" for AD, particularly if localized brain functional changes in such subjects can be detected in the same brain regions known to be primarily affected in AD. In the only large FDG-PET study that investigated such issue to date, Reiman et al. (2010) searched for significant associations between serum total cholesterol levels and cerebral metabolic rates of glucose (CMRgl) in 117 cognitively normal middle-aged and elderly individuals (47 to 68 years of age). The sample was subdivided in APOE ε4 allele homozygotes (n024), heterozygotes (n038), and non-carriers of this genetic variant (n055). Higher serum total cholesterol levels were associated with lower CMRgl bilaterally in the precuneus, lateral parietal neocortex (encompassing the superior parietal lobule, angular and supramarginal gyri), lateral temporal neocortex (involving the superior temporal gyrus), and lateral prefrontal cortex (including the superior frontal gyrus), in a pattern that shows a substantial degree of overlap with the profile of regional brain functional changes commonly seen in subjects with mild AD (Reiman et al. 2010) . Moreover, these authors found that in some cortical regions, such relationship had greater salience in APOE ε4 allele carriers than in noncarriers. They postulated that higher cholesterol levels, particularly in association with the presence of the APOE ε4 allele, increase the risk of AD by accelerating some of the brain changes associated with normal aging (Reiman et al. 2010) .
In additional studies with more modest samples, findings of regional cerebral hypometabolism as assessed with FDG-PET have been described in association with other CVRF including insulin resistance (Baker et al. 2011) , obesity (Volkow et al. 2009 ), and elevated blood pressure (Langbaum et al. 2012 ). These studies have described significant associations between those risk factors and reduced brain glucose metabolism, variably implicating the precuneus, posterior cingulate gyrus, lateral parietal neocortex, and lateral temporal neocortex (Baker et al. 2011; Langbaum et al. 2012) , as well as the lateral prefrontal cortex (Volkow et al. 2009; Langbaum et al. 2012) .
CVRF rarely occur in isolation in elderly populations (Meigs et al. 1997; Razay et al. 2007) , and therefore, the approach of investigating the influence of single risk factors on brain glucose metabolism may be limited. The Framingham 10-year risk Coronary Heart Disease Risk Profile ] is a composite measure that takes into account multiple risk factors (such as age, gender, blood pressure, smoking status, total cholesterol, and high-density lipoprotein cholesterol levels, as well as the presence of diabetes) to assess the 10-year risk that an individual has for future coronary heart disease (Wilson et al. 1998 ). This risk score has been widely used in epidemiological studies of elderly populations (Jeerakathil et al. 2004; Seshadri 2006) . In the only FDG-PET study to date that used this strategy, Kuczynski et al. (2009) obtained measures of regional glucose metabolism and cardiovascular risk as assessed with the FCHDRP (10-year risk) in a relatively large sample of elderly subjects (n058; age, >55 years), focusing specifically on the frontal lobe. These authors observed a significant inverse association between FCHDRP (10-year risk) scores and CMRgl in different frontal lobe portions including the lateral (i.e., superior frontal gyrus and ventrolateral prefrontal cortex) and medial (i.e., superior medial frontal and superior orbital frontal gyri) prefrontal cortices (Kuczynski et al. 2009 ). However, it is difficult to interpret such findings as related specifically to functional deficits caused by direct effects of CVRF on the brain, as the study sample included a proportion of demented individuals in addition to healthy elderlies, and no assessment of the impact of the APOE ε4 allele was carried out.
With the aim of extending the above findings, we conducted a FDG-PET investigation in a sample of elderly subjects free of either dementia or milder forms of cognitive impairment, subdivided in three groups according to their degree of cardiovascular risk as assessed by FCHDRP (10-year risk) scores. We wished to test the hypothesis that an elevated FCHDRP (10-year risk) would be associated with hypometabolism in brain regions commonly implicated in the pathophysiology of AD, namely the precuneus, posterior cingulated gyrus, amygdala-hippocampus complex, parahippocampal gyrus, and lateral temporal and parietal neocortices. Also, we wished to investigate whether such associations would be present regardless of the presence of the APOE ε4 allele. Finally, as the above functional imaging literature has often suggested the presence of prefrontal hypometabolism in association with CVRF (Kuczynski et al. 2009; Volkow et al. 2009; Langbaum et al. 2012) , we also hypothesized the presence of CVRF-related brain functional deficits in the lateral prefrontal and medial prefrontal cortices.
Materials and methods
All study procedures were approved by the local Committee for Ethics and Research, and written informed consent was obtained from all participants prior to study enrollment.
Study sample and clinical features
This study was carried out in a subsample drawn from a pool of 248 non-demented elderly volunteers (age range, 66-75 years) recruited for a previously reported morphometric MRI study aimed at investigating gray matter volume changes associated with different levels of CVRF (de Toledo Ferraz Alves et al. 2011) . Such pool of 248 individuals was representative, in terms of their sociodemographic profile, of a population of subjects aged 65 or above (n02,072) of pre-defined census sectors of an economically disadvantaged area of São Paulo, Brazil. This population was identified by epidemiological investigation carried out in Brazil (Scazufca et al. 2008b) , the São Paulo Ageing and Health study (SPAH), with the primary purpose of determining the prevalence of dementia and its risk factors in that environment, using transcultural protocols developed by the 10/66 Dementia Research Group (Prince et al. 2007; Scazufca and Seabra 2008a; Scazufca et al. 2008b) .
The procedures for the selection of the 248 individuals who underwent MRI scanning from the pool of 2,072 subjects have been described in detail elsewhere (de Toledo Ferraz Alves et al. 2011) . In brief, information on participants' age was obtained by asking dates of birth and confirmed from identity cards. The presence of diabetes mellitus was defined by a fasting blood glucose level ≥126 mg/dl and/or current use of insulin or hypoglycemic oral drug treatment. Levels of total cholesterol and total high-density lipoprotein (HDL) were obtained using the cholesterol-oxidase method. Three measurements of blood pressure were performed with an OMRON digital sphygmomanometer, model HEM-712-C. Measurements were taken at least 1 h without ingestion of caffeine and/or smoking, with participants seated. The first measurement was taken after 5 min of rest, and the two remaining measurements were taken at intervals of 5 min. For the calculation of the arterial pressure value, the first measurement was discarded, and the arithmetic mean of the second and third measurements was calculated. Finally, participants were asked about their smoking habits. The FCHDRP (10-year risk) calculated for each subject was then used in order to subdivide the sample in the following three groups according to their risk angina or myocardial infarction: low (<10 %), medium (10 to 20 %), and high (>20 %). In this total sample (n0248), we found no subjects with a diagnosis of atrial fibrillation based on electrocardiogram examinations.
The following exclusion criteria were applied for the selection of the pool of 248 non-demented elderly subjects who underwent MRI scanning: all individuals aged above 75 years at time of recruitment for MRI scanning (n0996), as well as those who had either not completed the 2-year clinical follow-up, present any missing data that prevented FCHDRP (10-year risk) scoring (n0 107), or who fulfilled diagnostic criteria for neuropsychiatric disorders (n052). This led to the identification of 917 potentially eligible individuals who were classified in terms of their cardiovascular risk according to the FCHDRP (10-year risk) in low-risk (24 %), mediumrisk (36.4 %), and high-risk (39.1 %) subjects. Telephone contacts were then made with each potentially eligible subject in order to invite him or her to take part in the brain imaging study, and to check for the presence of contraindications for MRI scanning (carrying cardiac pacemaker, valvular prosthesis, or internal electrical magnetic device; history of neurosurgery; or presence of metal fragment in brain, eye, or spinal cord). We were unable to contact 103 subjects, and for those who were reachable, the number of exclusion was 206 subjects (132/74, female/male) who fulfilled the exclusion criteria for the study (presence of cognitive decline, mild cognitive impairment, dementia history of stroke, epilepsy, brain trauma, and transitory ischemic event), thus resulting in a total of 608 potential subjects to be invited to undergo the brain imaging session. Finally, considering the possibility of several subjects with silent brain lesions, MRI scan was performed in 248 dementia-free elderly subjects aged between 66 and 75 years [female/ male (134/114)] divided according to cardiovascular risk scanning [low-risk (n058) , medium-risk (n088), and high-risk (n0102)] in order to guarantee the statistical power.
The identification of cases of dementia and other major psychiatric disorders by the epidemiological team followed the protocol developed by the 10/66 Dementia Research Group (Prince et al. 2007; Scazufca and Seabra 2008a; Scazufca et al. 2008b ). This protocol included the Community Screening Instrument for Dementia (CSI-D), the Geriatric Mental State (GSM), a structured neurological assessment, and a structured cardiological evaluation. The CSI-D affords an itemweighted summary score (COGSCORE) from the participant's 32-item cognitive test (seven-item object denomination, four-item object definition, two verbal category fluency tasks, word repetition, identification of a famous person, temporal and spatial orientation, three orders, three-word recall, six-chunk story recall, and two drawings of intersecting circles and pentagons), also incorporating the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) animal-naming verbal fluency task and the modified CERAD ten word list learning task with delayed recall (Copeland et al. 1986 ). The protocol also had specific questions regarding Parkinson's disease, epilepsy, symptomatic or transient ischemic attacks, and severe head trauma. The criterion for the exclusion of subjects with mild cognitive impairment, after excluding cases of dementia, was defined as a performance of 1.5 standard deviation below the mean performance in the cognitive battery described above obtained from all subjects between 66 and 75 years of age from the original SPAH sample. Schooling data of each subject was extracted from the SPAH study database. In brief, we considered subjects as having 4 years of education if they had completed the fourth grade, 8 years if having completed the eighth grade, 11 years if having completed high school, and 15 years if having completed college. When one of these educational periods was not completed, the number of years until drop out was used as the estimate of mean number of years of education.
For the current PET study, we planned to obtain a sample of 60 cognitively intact elderly subjects by consecutively inviting through phone calls the volunteers that had been recruited for the above-cited MRI study, with an aim of obtaining a minimum of 15 subjects in each of the three groups divided according to their FCHDRP (10-year risk). We excluded from the list of potential subjects for the current study any individuals presenting diabetes mellitus, given the potential of this disorder to significantly alter the brain FDG-PET measures (Vander Borght et al. 2001; Bartenstein et al. 2002) , and subjects who had silent brain lesions identified at MRI scanning, including tumors and silent brain infarcts. The recruitment procedures were halted when 60 eligible individuals had been selected for FDG-PET imaging. The estimate of 60 subjects was based on statistical power calculations performed using the software G*Power3 (Faul et al. 2007; Eriksson et al. 2009 ), in order to attain a power of 0.80 with an α error probability of 0.05 and effect size of 0.40 to unravel CMRgl differences across the three groups. One subject was excluded because of motion artifact in PET brain imaging, resulting in a final sample of 59 subjects. This group showed a similar distribution in terms of mean age, gender, and mean years of education relative to the larger pool of 248 individuals selected for the larger MRI study. The proportion of subjects across the three groups divided according to their cardiovascular risk was as follows: low-risk (n018), medium-risk (n021), and high-risk (n020).
Genotyping: APOE ε4 allele measures For two out of the 59 individuals above (one in the lowrisk group, one in the medium-risk group), APOE genotyping was not available, resulting in a sample of 57 subjects for the analyses taking into account this variable. Genomic deoxyribonucleic acid (DNA) was extracted from EDTA-anticoagulated venous blood using standard salting-out method. The concentration of extracted DNA was determined by spectrophotometric measurements. Five microliters of the extracted DNA was diluted 1:50 in 0.2× TE buffer. Absorption was measured for both blank (only 0.2× TE) and diluted DNA solutions at 260 nm using the GeneQuant (Amersham Pharmacia). An absorbance (A260) of 1.0 corresponds to 50 μg of double-stranded DNA per milliliter. After quantification, the DNA was diluted to a working level of 10 ng/μL. The single nucleotide polymorphisms (SNPs) rs429358 and rs7412 that determine the three APOE isoforms (APOE2, APOE3, and APOE4) were used to genotype all subjects under contract by Prevention Genetics (www.prevention genetics.org) using the Amplifluor SNPs genotyping system (Chemicon International, Temecula, CA, USA). Tests for deviation from the Hardy-Weinberg equilibrium were performed for the whole sample of the SPAH. The two loci were tested and did not deviate from the Hardy-Weinberg equilibrium.
In regard to quality control procedures, the genotyping of all individuals was performed in the laboratory of Genetics and Pharmacogenetics Program (PROGENE, Department of Psychiatry, São Paulo University Medical School) before sending the samples to Prevention Genetics. The degree of discrepancy between this genotyping and the one carried out by Prevention Genetics was below 2 %, and we report herein the results obtained in the analysis carried out by Prevention Genetics. We considered positive to APOE4 status as the presence of at least one allele ε4 in the genotype, including both heterozygous and homozygous carriers.
Brain imaging data acquisition and reconstruction MRI data were acquired using a 1.5-T General Electric Signa LX CVi scanner (Milwaukee, WI, USA). The standardized acquisition protocols have been described in detail elsewhere (de Toledo Ferraz Alves et al. 2011) .
On average, FDG-PET examinations were carried out 11.17±7.15 months after the acquisition of MRI data. At the time of PET scanning, all returning subjects were re-examined and remained cognitively intact. There were no significant differences in the mean time intervals between the FDG-PET and MRI examinations across the three groups (p00.596). PET images were acquired by using a dedicated lutetium oxyorthosilicate-16-slice PET-CT scanner (Biograph-16, Siemens, Erlangen, Germany) with a spatial resolution of 2.5 mm full-width at half-maximum (FWHM), 3.38 mm slice thickness, and 500 mm axial FOV, following exactly the same protocol reported in detail elsewhere (Curiati et al. 2011 ).
Image preprocessing and processing
When registering FDG-PET images of an individual to his own MRI data, the former functional images often contain little non-brain tissue because of the nature of the imaging process, whereas the high-resolution MRI scans contain a considerable amount of extracerebral tissue (i.e., eyeballs, skin, and fat). Thus registration robustness is improved if these non-brain parts of the image can be automatically removed before registration (Smith et al. 2001 (Smith et al. , 2002 .
A recent study of Pereira et al. (2010) showed that preprocessing (skull-stripped/bias corrected scans) of brain MRI datasets, especially in studies based on voxel-based morphometry to investigate the process of aging and dementia, improved voxel-based morphometry outputs. We therefore performed our experiments with the same preprocessing steps as described previously (Acosta-Cabronero et al. 2008; Pereira et al. 2010) . Regarding PET data, all images were corrected for partial volume effects (PVE) to avoid confounding effects secondary to the degree of regional brain atrophy. The correction for the dilutional effect of age-related cerebral atrophy is mandatory in PET brain evaluations and may play an important role in the differentiation between normal and pathological brain changes associated with the aging processes (Meltzer et al. 2000) . Thus, the co-registered PET images were corrected for PVE through the Meltzer method, an optimized voxel-based algorithm that is fully implemented in PVElab software (http://nru.dk/ downloads/softaware) (Quarantelli et al. 2004) .
The procedure has been specifically designed for this study, aiming at a most accurate co-processing of FDG-PET and MRI data to obtain a more precise betweensubject anatomical overlap. All image-processing steps were carried out using the SPM5 software package (Statistical Parametric Mapping software, version 5; http://www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Imaging Neuroscience, London) executed in Matlab 7.8 (MathWorks Inc., Sherborn, MA, USA). Additional details are provided in the Online Resource 1.
Statistical analysis
Statistical comparisons of the three FCHDRP (10-year risk) groups (low-risk, medium-risk, and high-risk) in terms of demographic and clinical characteristics (including genotype measures) were performed using the Statistical Package for Social Sciences (SPSS) for Windows (17.0 version). Chi-square tests were used for categorical variables, whereas analyses of variance (ANOVA) were carried out for continuous variables. Levels of statistical significance were set at p<0.05.
Group comparisons of PET images were conducted using SPM5. Between-group differences in CMRgl distribution across the three FCHDRP (10-year risk) groups were assessed initially with an overall analysis of covariance (ANCOVA) model, including gender and the mean time interval between the FDG-PET and MRI data acquisitions for each individual as covariates of no interest. Resulting statistics were thresholded at a twotailed p<0.01 level of significance (Z>2,33) and displayed as a statistical parametric map into standard anatomical space. The ANCOVA SPM was inspected on a hypothesis-driven fashion, searching for clusters of voxels in regions where between-group differences had been predicted a priori (amygdala, hippocampus, parahippocampal gyrus, precuneus, posterior cingulate gyrus, lateral temporal and parietal neocortices, and lateral and medial prefrontal cortices. This hypothesisdriven analysis was conducted using the small volume correction (SVC) approach, with the purpose of constraining the total number of voxels to be inspected. Each of those regions was circumscribed using the spatially normalized region-of-interest masks that are available within the Anatomical Automatic Labeling SPM toolbox. All findings in those areas were reported as significant only if surviving family-wise error (FWE) correction for multiple comparisons using SVC (Friston et al. 1996) . Given that the F statistic is non-directional, we also conducted voxelwise two-group comparisons of CMRgl differences in these regions using independent sample t tests. In addition to the hypothesis-driven SPM inspection, we conducted a whole-brain search for significant findings in other unpredicted brain regions.
Such findings were reported as significant only if surviving FWE correction for multiple comparisons over the whole brain (p FWE <0.05) (Friston et al. 1996) . We also calculated voxelwise linear correlation indices between CMRgl values and FCHDRP (10-year risk) scores using the entire sample of elderly individuals. SVC-based correlation analyses were conducted using the same anatomical masks described above.
Finally, in order to assess the impact of APOE genotype variations on our findings of voxel-based analyses, we repeated the above analysis including the presence or absence of the APOE ε4 allele as a confounding covariate of interest.
The anatomic location of each resulting cluster was determined using the Talairach and Tournoux Atlas coordinates (Talairach and Tournoux 1988) , converted from the Montreal Neurological Institute (MNI) system (Brett et al. 2002) .
Results
Demographic and clinical characteristics of the sample Table 1 presents the demographic and clinical characteristics for the whole sample (n059). We noted a gender imbalance across the three groups (p00.003), with a predominance of women in the low-risk cardiovascular risk group and a greater prevalence of men in the highrisk group. There were no significant between-group differences in regard to age, mean years of education, and smoking. However, as expected, there were significant group differences in terms of low-density lipoprotein (LDL) and HDL cholesterol levels (p00.044 and p00.046, respectively), systolic and diastolic blood pressures (p<0.001 and p00.002, respectively), and blood glucose levels (p00.048).
Cognitive performance comparisons between the three groups showed no significant findings either in regard to the overall COGSCORE (low-risk030.19± 2.21, medium-risk030.23±1.30, and high-risk030.07± 2.74) or to scores specifically in the animal-naming fluency task (low-risk015.44±4.79, medium-risk016.24± 4.66, and high-risk014.05±3.94; F<1.86, p>0.165).
The APOE ε4 allele was found in 11 subjects (all ε4 heterozygotes). We did not observe significant differences in APOE ε4 allele prevalence across the three groups (low-risk03, medium-risk06, and highrisk02; χ 2 02.61, df02, p00.271). A similar pattern of between-group sociodemographic and clinical differences emerged when inspecting the three groups after the exclusion of the two individuals with missing APOE genotype data. A gender imbalance was maintained across the three groups [low-risk (W: women/M: men), 11/6; medium-risk, 10/10; and high-risk, 2/18; χ 2 012.62, df02, p00.002]. There were significant group differences in terms of LDL cholesterol levels (F03.226, p00.047), and systolic and diastolic blood pressures (F09.494, p<0.001 and F06.059, p00.004, respectively). There were also trends for between-group differences in regard to HDL cholesterol (F03.042, p00.056) and blood glucose levels (F03.070, p00.055).
FDG-PET imaging findings: voxelwise betweengroup CMRgl comparisons and linear correlations
The ANCOVA investigation of CMRgl differences across the three groups showed a trend towards significance in one of the regions where differences in FDG uptake had been predicted a priori, namely the right lateral parietal neocortex (cluster of 129 voxels, Z0 3.49, p FWE 00.075). Independent sample t tests comparing groups two-by-two revealed several clusters of between-group differences. These findings are reported in detail in Table 2 . In comparison to the low-risk group, the high-risk group presented significant CMRgl reductions in the right lateral parietal neocortex (p FWE 0 0.027), the left precuneus (p FWE 00.012), the right and left posterior cingulate gyrus (p FWE 00.018 and p FWE 0 0.004), and the right lateral temporal neocortex (p FWE 0 0.022; Table 2 ). There was also an unexpected focus of significant CMRgl reduction in the low-risk group relative to the high-risk group in the right parahippocampal gyrus (p FWE 00.031; Table 2 ). There were no significant findings in the t test comparisons of the medium-risk group versus either the high-or low-risk samples in the hypothesized regions. Also, there were no significant findings in the exploratory inspection of other unpredicted brain regions. Finally, the voxelwise linear correlation analysis between CMRgl values and FCHDRP (10-year risk) scores for the whole sample revealed the presence of foci of significant positive correlation involving the parahippocampal gyrus, both on the right (p FWE 0 0.022) and left (p FWE 00.034) sides (Table 2) .
PET data analyses with covariance for the presence or absence of the APOE ε4 allele When the above analyses were repeated including the presence or absence of the APOE ε4 allele as covariate, the ANCOVA investigation of CMRgl differences across the three groups showed also an unexpected focus of Table 3 for details); these findings are shown in Fig. 1 . The above reported, unexpected foci of CMRgl reductions in the low-compared to the high-risk group in the parahippocampal gyrus was again detected, both on the right (p FWE 00.001) and left (p FWE 00.045) hemispheres. The significant positive linear correlation between CMRgl values and FCHDRP (10-year risk) scores in the parahippocampal gyrus also retained statistical significance both for the right (p FWE 0 0.007) and left (p FWE 00.025) sides (Table 3) .
Discussion
Using a sample of cognitively intact communitydwelling elderly subjects, the present FDG-PET study demonstrated the presence of reduced glucose metabolism in the precuneus, posterior cingulate gyrus, and lateral temporal and parietal neocortices in proportion to the degree of cardiovascular risk as measured with the most extensively validated composite index devised for such purpose, namely the FCHDRP (10-year risk) score. Our hypothesis that CVRF-related reduced brain glucose metabolism would be detected specifically in these brain portions was formulated with basis on a large number of previous PET studies of AD, which demonstrated the presence of significantly impaired functional activity in such network of brain regions (Minoshima et al. 1997; Chételat et al. 2003; Mosconi et al. 2004 Mosconi et al. , 2008a Mosconi 2005; Jagust 2006; Kawachi et al. 2006; Petrie et al. 2009 ). Thus, our FDG-PET findings provide further evidence indicating that there is a substantial degree of overlap in regard to the location of brain foci of hypofunction across imaging studies of AD and CVRF (Alves et al. 2005; Kuczynski et al. 2009; Volkow et al. 2009; Kitagawa 2010; Reiman et al. 2010 ; Baker et al. CMRgl cerebral metabolic rate for glucose metabolism, FCHDRP (10-year risk) Framingham 10-year risk Coronary Heart Disease Risk Profile, MRI magnetic resonance imaging, FDG-PET positron emission tomography with 18-fluoro-2-deoxyglucose a Each region was circumscribed using the small volume correction (SVC) approach, with anatomically defined volume-of-interests masks b Number of contiguous voxels that surpassed the initial threshold of p<0.01 (uncorrected) in the statistical parametric maps c Statistical significance after correction for multiple comparisons; inferences made at the level of individual voxels [family-wise error correction (FEW; Friston et al. 1996) ] d F or T-score value of statistical significance level in the cluster e Z-score value of statistical significance level in the cluster f Statistical significance level uncorrected for multiple comparisons g Talairach and Tournoux (1988) coordinates of the maximal statistical significance within each cluster 2011; Langbaum et al. 2012) . As the present study sample was carefully screened for the exclusion of cognitive decline, our results suggest that cognitive deficits do not necessarily accompany brain metabolic deficits reminiscent of AD in individuals who are at large cardiovascular risk. Our findings add to evidence from previous epidemiological and morphometric MRI studies that have assessed non-demented individuals using FCHDRP (10-year risk) indices Seshadri et al. 2004; de Toledo Ferraz Alves et al. 2011) , thus providing further support to the notion that different CVRF, acting in combination, may play a relevant part in the development of AD (Gorelick 2004; Erkinjuntti and Gauthier 2009; Viswanathan et al. 2009 ).
In the larger MRI study sample of cognitively intact elderly subjects from which the current PET groups were drawn, findings of decreased regional brain volumes were also detected in direct proportion to the degree of cardiovascular risk. Such previously reported brain volume changes were localized to the temporal neocortex, in similar locations where temporal lobe functional deficits were detected herein (de Toledo Ferraz Alves et al. 2011) . In the present PET study, we employed imageprocessing methods to account for partial volume effects due to local brain atrophy. Therefore, our PET findings in the temporal neocortex can be safely assumed to represent true metabolic deficits, found in excess of any brain tissue reduction in the same brain location. It is also interesting that the current FDG-PET findings of reduced FDG uptake in proportion to the degree of cardiovascular risk were more extensively distributed that those described in our previous MRI report (de Toledo Ferraz Alves et al. 2011) , despite the fact that Fig. 1 Brain pattern of reduced FDG uptake in the high-risk group in comparison to the low-risk group. Results of the wholebrain search of significant cerebral metabolic rate for glucose metabolism reductions in the high-risk group (n020) in comparison to the low-risk group (n017), controlled to apolipoprotein ε4 status (at the Z>2.33 threshold, corresponding to p<0.01). Foci of significance were overlaid on sagittal (x), coronal (y), and transaxial (z) brain slices of a structural magnetic resonance imaging scan spatially transformed into an approximation to the Talairach and Tournoux (1988) stereotactic atlas with a cross hair marking the location of the average peak coordinate as indicated by numbers (x0−6, y0−43, y0+37) in millimeters. Statistical voxel values have been thresholded at Z02.33 (corresponding to p<0.01, uncorrected for multiple comparisons). The brain regions where hypoactivity (clusters highlighted in yellow) in the high-risk group had been hypothesized a priori, and which showed significant differences between the two groups (at the 0.05 level after family-wise error correction for multiple comparisons, using the small volume correction tool in Statistical Parametric Mapping), were the left precuneus and the left posterior cingulate gyrus. The coordinates of voxels of maximal statistical significance in each cluster, as well as their size, peak Z-scores, and associated p values, are provided in Table 3 . The color bar represents T-values the present sample was more modest in size. This suggests that FDG-PET may unravel CVRF-related localized brain metabolic deficits in brain regions related to AD before any subtle brain atrophic changes can be detected in cognitively preserved individuals.
After controlling for the presence of the APOE ε4 allele, a critical genetic risk factor for both AD and cardiovascular disease, our findings of CVRF-related regional brain hypofunctional patterns retained statistical significance in the precuneus and posterior cingulate gyrus, the two brain regions where functional impairments are most consistently detected in incipient stages of AD (Minoshima et al. 1997; Chételat et al. 2003; Mosconi 2005; Kawachi et al. 2006) . This strongly suggests that findings of brain hypometabolism similar to those seen in AD subjects can be seen in association with the severity of CVRF in samples of cognitively preserved individuals who are at no increased genetic risk for AD (as far as the APOE genotype is concerned). Other findings of reduced FDG uptake in the high-risk group, involving the lateral temporoparietal neocortices, lost their significance when the analysis was repeated after controlling for the effects of the presence of the APOE ε4 allele. This may indicate that findings of reduced FDG uptake in those latter regions are primarily influenced by the presence of the APOE ε4 allele, as suggested by previous PET studies of non-elderly, cognitively preserved healthy subjects (Reiman et al. 2004 (Reiman et al. , 2010 Langbaum et al. 2010) . One alternative interpretation is that such absence of significance was related to reduced statistical power due to the loss of 1°of freedom and/or the decrement of the sample size (as there were missing APOE genotype data in two subjects).
Several different mechanisms have been proposed to explain how microvascular mechanisms could contribute critically to the development and/or progression of AD-related pathological changes in the brain. Previous results from clinical imaging and molecular studies have suggested a link between CVRF, structural deformities of brain microvessels (including arterial stiffness and microvascular damage), and the risk of dementia (Bell et al. 2009; Grammas 2011a) . Chronic cerebral blood flow deficits secondary to conditions such as diabetes, hypertension, and atherosclerosis, as well as heart failure-related microembolism, may all lead to decreased oxygen and glucose supply to the brain, as well as local toxic or metabolic disturbances (KumarSingh 2008; Bangen et al. 2009; Menon and Kelley 2009) . It has been suggested that microvascular changes secondary to chronic cerebral blood flow reductions might trigger the characteristic neuropathological changes of AD, such as aggregates of amyloid β-peptide (de la Torre 1999; de la Torre et al. 2003) . Recently, molecular models have been proposed to explain how the existence of circulatory defects (i.e., alterations in vascular smooth muscle cells of meningeal arterioles due to CVFR) could lead to a failure in an essential brain detoxification process, namely the removal of amyloid β-peptide from the brain across the blood-brain barrier (Bell et al. 2009 ). Finally, the endothelium is also a potentially relevant target for the damaging effects of CVRF, and it has been shown that functional impairment of the vascular endothelium in response to injury occurs long before the development of overt cardiovascular disease (Gimbrone 1999 (Gimbrone , 2010 Libby 2009 ). Chronic inflammatory processes, tightly linked to diseases associated with endothelial dysfunction, have been increasingly implicated as relevant to the development of the neurodegenerative changes underlying the symptoms of AD (Grammas 2000; Zlokovic 2005 Zlokovic , 2010 Salmina et al. 2010; Grammas et al. 2011b) .
It should be noted that we found no association between high cardiovascular risk and brain functional deficits specifically in the frontal cortex. This is in contrast both with the recently reported findings of cardiovascular risk-related prefrontal hypofunctioning in elderly subjects classified using the FCHDRP (10-year risk) (Kuczynski et al. 2009) , and the results of other PET imaging studies that investigated the influence of single CVRF on brain functioning (Baker et al. 2011; Reiman et al. 2010; Volkow et al. 2009; Langbaum et al. 2012) . One important difference between our study and that of Kuczynski et al. (2009) is that the latter authors did not exclude subjects with lacunar infarcts. They actually suggested that findings of frontal lobe hypometabolism in individuals with higher FCHDRP (10-year risk) scores could be determined by the greater incidence of lacunar infarcts in those subjects, leading to localized frontal metabolic changes. This reasoning might explain the absence of frontal metabolic changes in our study, since we excluded subjects with vascular-related silent brain lesions as assessed by MRI, including lacunar infarcts. It is therefore plausible to argue that in the absence of lacunar infarcts, the frontal lobe is not especially vulnerable to the damaging effects of CVRF in cognitively intact individuals. Again, this underscores the topographical similarity between our findings and those reported in previous FDG-PET studies of AD; as such, literature often indicates that frontal lobe regions are spared at early stages of AD.
We also predicted that decreased metabolism in the hippocampal region would be found in proportion to the degree of cardiovascular risk, given both the relevance of this brain region as a critical site of neuropathological AD changes, as well as its particular vulnerability to chronic blood flow deficits in animal models of brain hypoperfusion (Wang et al. 2010; Choi et al. 2011) . Rather unexpectedly, we actually found relatively increased brain metabolism in a voxel cluster located in the parahippocampal gyrus both in the comparisons across three groups and in the high-risk group when compared to the low-risk group. Moreover, there was a significant positive correlation between CMRgl values and FCHDRP (10-year risk) scores in the parahippocampal gyrus. One possible explanation for the relative hypermetabolism in the parahippocampal gyrus in high CVRF individuals would be a bias in the sample selection. As mentioned above, we excluded participants with silent gross vascular brain lesions detected with MRI, including lacunes and silent strokes, and these lesions were present more frequently in subjects from the highrisk pool of potentially eligible subjects for the present study (de Toledo Ferraz Alves et al. 2011 ). Therefore, it is possible that we have excluded subjects with severest levels of cardiovascular risk who would have displayed patterns of reduced CMRgl in the parahippocampal gyrus, forcing the selection of individuals who are at high cardiovascular risk but are capable of displaying compensatory mechanisms to maintain adequate metabolic functioning in temporolimbic regions vulnerable to microvascular changes. As suggested previously, subtly damaged neurons may display higher levels of functional activity to maintain their effectiveness, and this could be reflected in a local increment in glucose metabolic rate (Mesulam 1999) . Thus, the relative hypermetabolism observed in the parahippocampal gyrus in our study could reflect a very early local response to neurodysfunction, prior to overt cellular structural damage. It is relevant to highlight that in our previous MRI study, we also found a relative increase in gray matter volume involving the parahippocampal gyrus in the high-risk group compared to the low-cardiovascular risk group after the exclusion of subjects with silent brain lesions (de Toledo Ferraz Alves et al. 2011 ).
The interpretation of the overall results reported herein warrants caution due to a number of limitations of our study. We had an excess of male subjects in the high-risk subgroup, and a larger proportion of women in the low-risk group. This is in consistence with previous epidemiological investigations of vascular risk in elderly populations (Elias et al. 1997; Ishii et al. 2009 ). Such demographic imbalance has to be highlighted, given the evidence that gender differences clearly influence CMRgl distribution in healthy elderly subjects (Fujimoto et al. 2008; Curiati et al. 2011 ). However, because we co-varied all our analyses for between-group gender differences, our results are unlikely to simply reflect such gender imbalance across the groups. Moreover, previous literature findings indicate that gender differences influence glucose metabolic patterns most notably in frontal lobe regions, with lower metabolic rate in males relative to females (Baxter et al. 1987; Yoshii et al. 1988; Andreason et al. 1994; Fujimoto et al. 2008 ). This would potentially lead to reduced prefrontal metabolism in the high-risk group compared to the low-risk group in our study, rather than a sparing of the frontal cortex in high-risk individuals as we found. One other limitation regards to the fact that we excluded individuals with a diagnosis of diabetes mellitus. In subjects with diabetes, there are difficulties in the adherence to the PET procedure guidelines that demand fasting prior to FDG-PET imaging (Vander Borght et al. 2001; Bartenstein et al. 2002) . It is well known that hyperglycemia and the lack of appropriate fasting in preparation to FDG-PET examinations may lead to substantial FDG uptake by extra brain tissues (Vander Borght et al. 2001; Bartenstein et al. 2002) . This leads to a relative decrement in the FDG uptake inside the brain, often hampering statistical image quality due to decreased signal-to-noise ratio (Vander Borght et al. 2001; Bartenstein et al. 2002) . Given our use of such exclusion criterion, the present functional brain deficits related to CVRF can only be claimed to be representative of high-risk elderly samples without a history of diabetes mellitus. Finally, the design of our study prevented us from avoiding a delay of the order of months between the acquisition of the actual FDG-PET images in all study groups, and the previous acquisition of the structural MRI datasets that were used for the partial volume effect correction of PET data. Therefore, it is plausible that our PET findings would have been under-corrected for PVE due to the time difference between the two imaging acquisitions, in case further atrophic brain changes detectable with morphometric MRI would have occurred during such modest window of time up to the date of FDG-PET imaging.
Conclusion
In conclusion, our identification of brain metabolic deficits in association with CVRF in cognitively intact elderlies, involving brain regions previously shown to be especially vulnerable to AD-related brain changes, reinforce the view that the combination of different CVRF may contribute critically to the development of AD neuropathology. Our findings also reinforce the need for a systematic evaluation of vascular risk factors in any FDG-PET studies of elderly populations, suggesting that inter-individual differences in terms of cardiovascular risk load may account for the often high degree of inter-subject variability of brain metabolic indices in elderly samples. Replication of our findings is warranted in further studies carried out with larger elderly samples, including repeated follow-up FDG-PET examinations aimed at dissecting patterns of progression of the subtle functional brain changes reported herein. Rather than aging, all CVRF are preventable and modifiable. Thus, a greater knowledge about how such factors influence brain functioning in healthy subjects over time may provide important insights for the future development of strategies aimed at delaying or preventing the CVRF-related triggering of AD pathologic brain changes.
